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ABSTRACT

Purpose: Triple-negative breast cancer (TNBC) is a subtype of breast cancer. Increasing 
evidence supports that dysregulation of long noncoding RNAs (lncRNAs) plays a vital role in 
cancer progression. RNA component of mitochondrial RNA processing endoribonuclease 
(RMRP), a lncRNA, is characterized as a tumor-propeller in some cancers, but its mechanism 
in TNBC remains poorly understood. This study aimed to determine whether and how RMRP 
functions in TNBC.
Methods: Cell proliferation was determined by cell counting kit-8 (CCK-8) and colony 
formation assays and cell apoptosis by flow cytometry analysis and terminal deoxynucleotidyl 
transferase-mediated nick end labeling (TUNEL) assay. Cell migration and invasion were 
determined by transwell assays. RNA-binding protein immunoprecipitation (RIP), luciferase 
reporter, and RNA pulldown assays were implemented to assess the interaction of RMRP with 
other molecules in TNBC cells.
Results: RMRP expression was elevated in TNBC cells. RMRP knockdown repressed cell 
proliferation, migration, and invasion, but induced apoptosis in TNBC. In addition, RMRP 
was found to target microRNA-766-5p (miR-766-5p) in TNBC cells. Silencing miR-766-5p 
enhanced cell viability and decreased apoptosis, whereas miR-766-5p overexpression had 
opposite effects. Furthermore, miR-766-5p was found to bind to yes-associated protein 1 
(YAP1). Moreover, miR-766-5p inhibition reversed the repressive effect of RMRP knockdown 
on the malignant progression of TNBC.
Conclusion: The present study manifested that RMRP promotes the growth, migration, 
and invasion of TNBC cells via the miR-766-5p/YAP1 axis. These findings provide novel 
perspectives for TNBC treatment.
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INTRODUCTION

Breast cancer (BC) is one of the most prevalent malignancies in women. TNBC is the most 
complex, malignant type of BC characterized by a lack of progesterone receptor, estrogen 
receptor, and human epidermal growth factor receptor 2 [1]. Currently, clinical treatment 
approaches for BC patients include surgery, chemotherapy, radiotherapy, or targeted therapy 
[2], and TNBC patients generally opt chemotherapy owing to a lack of effective targets 
[3]. Thus, a comprehensive understanding of the underlying molecular mechanisms that 
induce TNBC pathogenesis, development, and progression is imperative for developing new 
therapeutic strategies or techniques for TNBC treatment.

Currently, molecular targeting therapy has attracted increasing attention in BC treatment 
research. Increasing evidence indicated that lncRNAs exert a vital function in the 
biological processes of BC tumor cell development and progression. For example, BC200 
overexpression contributes to luminal BC and TNBC pathogenesis [4]; NEAT1 can promote 
cell proliferation and metastasis of BC [5]; and MALAT1 represses BC metastasis [6]. 
LncRNAs are suggested not only as promising prognostic markers in various cancers, but also 
as a competing endogenous RNA (ceRNA) of microRNA (miRNA) to modulate target gene 
expression. Notably, the ceRNA regulatory mechanisms of lncRNAs in BC have also been 
confirmed in previous studies. For instance, HOTAIR affects cell proliferation, metastasis, 
and apoptosis by regulating miR-20a-5p/HMGA2 axis in BC [7], and lncRNA-CDC6 acts as a 
ceRNA of miR-215 to target CDC6, promoting BC cell proliferation and metastasis [8].

RMRP is a lncRNA that has been shown to exhibit carcinogenic roles in several human cancers, 
including hepatocellular carcinoma (HCC) [9], cholangiocarcinoma [10], gastric cancer 
[11], bladder cancer [12], NSCLC [13], papillary thyroid cancer [14], and neuroblastoma [15]. 
Nonetheless, the role and mechanism of RMRP in TNBC remain to be investigated.

Therefore, this study aimed to determine whether and how RMRP functions in TNBC. The 
expression of RMRP in TNBC was measured, and the regulatory roles of RMRP in TNBC 
cell growth, migration, and invasion were investigated through functional experiments. In 
addition, the target miRNA of RMRP and the downstream mRNA of miRNA were explored. 
Altogether, this study indicated RMRP as a novel target for TNBC treatment.

METHODS

Cell lines and cell culture
Human mammary epithelial cell line MCF-10A and TNBC cell lines (MDA-MB-231, MDA-
MB-436, and BT-549) were purchased from ATCC (Manassas, USA). As for cell culture, MDA-
MB-231 and MDA-MB-436 cells were maintained in Leibovitz's L-15 medium (Sigma-Aldrich, 
St Louis, USA), BT-549 cells in RPMI-1640 medium (ATCC® 30-2001™; ATCC), and MCF-10A 
cells in complete growth medium. The abovementioned cell lines were maintained in the 
corresponding culture medium supplemented with 10% fetal bovine serum (HyClone, Logan, 
USA) and 1% penicillin-streptomycin (Invitrogen, Carlsbad, USA). All cells were cultured in a 
5% CO2 incubator at 37°C.
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Cell transfection and plasmid construction
TNBC cells were seeded into 24-well plates one day before transfection. When cells reached 
30% confluence, Lipofectamine™ 2000 (Cat No. 11668-019; Invitrogen) was used to transfect 
cells based on the supplier's protocols. After 6 hours of transfection, the transfected cells 
were monitored by the experimenter. The wild-type (WT, with putative miR-766-5p binding 
sites) or mutant (Mut, with Mut miR-766-5p binding sites) sequence of full-length RMRP or 
YAP1 3′-UTR fragments was sub-cloned into pmirGLO vectors (Promega, Madison, USA) 
to establish RMRP/WT or Mut YAP1-3′UTR reporter vectors (YAP1-WT or YAP1-Mut) reporter 
constructs. Full-length RMRP was incorporated into the pcDNA3.1 vector to overexpress 
RMRP; empty pcDNA3.1 was used as a control. In addition, negative control of short hairpin 
RNA and 3 fragments of interference sequences constructed on the basis of RMRP sequence 
were sub-cloned into the PLRO.1 vector to produce sh-RMRP vectors specifically targeting 
RMRP (sh-RMRP#1, sh-RMRP#2, and sh-RMRP#3). The plasmids mentioned above were 
commercially obtained from GenePharma (Shanghai, China). MiR-766-5p mimics/inhibitors 
and corresponding NC mimics/inhibitors were procured from RiboBio (Guangzhou, China).

Quantitative polymerase chain reaction (qPCR)
For qPCR analysis, total RNA was extracted using an RNA isolation kit (Thermo Fisher 
Scientific, Waltham, USA) as per the manufacturer's suggestions. Subsequently, isolated 
RNAs were reversely transcribed for complementary DNA (cDNA) synthesis using a 
RevertAid First Strand cDNA Synthesis Kit (Cat#: K1622; Thermo Fisher Scientific) for 
lncRNA and mRNA and miScript II RT Kit (Cat#: 218160; QIAGEN, Hilden, Germany) for 
miRNA. qPCR was then conducted using SYBR Green PCR Master Mix (Cat#: 4309155; 
Applied Biosystems, Foster City, USA) at 95°C for 10 minutes, 95°C for 30 seconds, and 60°C 
for 30 seconds. Data were examined using the 2−ΔΔCt method. Bio-repeats were performed 
3 times for each experiment, and 3 technical replicates were conducted for each bio-
repeat. Data are displayed as the mean ± standard deviation. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as an internal control.

Western blotting
Protein samples were collected from cell lysates using RIPA buffer (Beyotime, Beijing, 
China) when the cells reached over 80% confluence. Proteins (30 μg) were transferred onto 
polyvinylidene difluoride (Millipore, Boston, USA) membranes post-separation on 10% 
sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Afterwards, the membranes 
were sealed with 5% skim milk in Tris Buffered Saline with Tween 20 (TBST) for 1 hour, 
followed by incubation with primary antibodies or GAPDH as a loading control at 4°C 
overnight. Subsequently, the membranes were rinsed 4 times with TBST and then incubated 
with secondary antibodies (Santa Cruz Biotechnology, Dallas, USA) on a slow shaker for 1 
hour, followed by washing with TBST (5 times, 5 min/wash). The membranes were stained 
with ECL luminous liquid (GE Healthcare, Chicago, USA). The primary antibodies include 
anti-YAP1 (ab205270; Abcam, Cambridge, UK), anti-ankyrin repeat domain 1 (ANKRD1, 
ab272894; Abcam), anti-connective tissue growth factor (CTGF, ab209780; Abcam), and anti-
GAPDH (ab8245; Abcam).

CCK-8 assay
The transfected TNBC cells (3  ×  104 cells/well) were inoculated into 96-well plates with 100 μL 
suspension solution in each well and cultivated in an incubator at 37°C. Then, CCK-8 solution (10 
µL; Sigma-Aldrich) was added, followed by another 2 hours incubation. A spectrophotometer 
(Thermo Fisher Scientific) was used to examine the optical density values (450 nm).
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Colony formation assay
The indicated transfected TNBC cells (300 cells/well) were inoculated into a 6-well plate, 
followed by ten-day incubation at 37 °C and 5% CO2. Subsequent to the incubation, TNBC 
cells were washed twice using phosphate-buffered saline, fixed using 4% paraformaldehyde, 
and dyed using crystal violet. Finally, the number of colonies (≥ 50 cells) was counted.

TUNEL
Cells were transfected with the indicated plasmids and subjected to overnight incubation. 
Transfected cells were then fixed in 4% formaldehyde for 15 minutes, followed by staining 
with a TUNEL Bright-Red Apoptosis Detection kit (Cat. No. A113; Vazyme, Piscataway, 
USA). TUNEL-stained cells were observed by fluorescence microscopy (DMI4000B; Leica 
Microsystems Nussloch GmbH, Nussloch, Germany).

Flow cytometry analysis
TNBC cells were harvested by EDTA-free trypsin and resuspended in binding buffer (500 μL). 
After staining with Annexin V-FITC (5 μL) and PI (5 μL) (BD Biosciences, San Jose, USA) in the 
darkness, apoptotic cells were analyzed using a FACSCalibur (BD Biosciences).

Transwell assays
Twenty-four hours post-transfection, TNBC cells were inoculated into the upper 
compartment of the Transwell system (8 μm pore; Costar Corporation, Washington, D.C., 
USA) with serum-free Dulbecco's Modified Eagle Medium (DMEM). For the invasion assay, 
the upper filter was pre-coated with BD Biosciences™ Matrigel. For transwell assays, the 
lower chamber was added with DMEM with the addition of 20% fetal bovine serum. After a 
24 hours incubation, TNBC cells that migrated or invaded the lower chamber were fixed using 
methanol, stained with 0.2% crystal violet, and photographed using an inverted microscope.

Subcellular fractionation and fluorescence in situ hybridization (FISH) assays
For subcellular fractionation assay, nuclear/cytoplasmic RNAs were isolated using nuclear 
and cytoplasmic extraction reagents (Thermo Fisher Scientific) following the supplier's 
instructions, followed by qPCR analysis. For FISH assay, after 15 minutes of fixation using 
4% paraformaldehyde, cells were permeabilized using TritonX-100 for 15 minutes at 4°C, 
followed by hybridization with digoxin-labeled RMRP (GenePharma). After a brief wash, 
the fluorescence signal was detected using anti-digoxin antibodies. 4′,6-diamidino-2-
phenylindole (Sigma-Aldrich) was for counterstaining. A microscope (DMI4000B; Leica 
Microsystems GmbH) and the LAS X software were used to acquire images.

RNA pulldown assay
Cells were transfected with Bio-RMRP-WT or Bio-RMRP-Mut. After 2 PBS washes, the 
transfected cells were incubated in lysis buffer. After the biotin-labeled RNA complexes were 
pulled down, qPCR was performed to analyze the expression of potential miRNAs.

Luciferase reporter assay
WT or Mut sequence of full-length RMRP or YAP1 3′UTR fragments containing predictive 
binding sites of miR-766-5p were cloned into the pmirGLO vector (Promega). TNBC cells 
were co-transfected with RMRP/YAP1 reporter vectors, including WT or Mut fragments 
and miR-766-5p mimics or NC mimics. After 48 hours of transfection, the Dual Luciferase 
Reporter Assay System (Promega) was used to detect relative luciferase activity as per the 
supplier's directions. Renilla luciferase was used as an internal control.
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RIP
The RIP assay was performed using the Magna RIP® RIP Kit (Millipore). Transfected cells (6 × 
107) were lysed in cell lysis buffer. Antibody against immunoglobulin G (Anti-IgG, ab172730; 
Abcam) and antibody against argonaute 2 (anti-AGO2, ab186733; Abcam) were added to 100 
μL cell lysates, while the input group contained 10% cell lysates. Cell lysates were mixed with 
antibody-bead complexes and incubated overnight at 4°C. qPCR was performed to detect the 
enrichment of miR-766-5p, RMRP, or YAP1 in IgG- or AGO2-immunoprecipitated complexes. 
Small nuclear ribonucleoprotein U1 subunit 70 was used as the positive control.

Statistical analysis
Data analyses were conducted using SPSS (version 22.0; IBM, Armonk, USA). The data are 
displayed as the mean ± standard deviation. Student's t-test was adopted for comparison 
between 2 groups. Comparisons among multiple groups were conducted applying 1-way or 
2-way analysis of variance (ANOVA), followed by Dunnett's or Tukey's test. In addition, a 
p-value less than 0.05 indicated statistically significant.

RESULTS

RMRP knockdown hampered cell proliferation, migration, and invasion, but 
promoted cell apoptosis in TNBC
qPCR analysis showed that the expression of RMRP was overtly higher in TNBC cell lines (MDA-
MB-231, MDA-MB-436, and BT-549) than in MCF-10A cell line, with MDA-MB-231 and BT-549 
cell lines showing the highest RMRP expression (Figure 1A). To explore the function of RMRP 
in TNBC in vitro, we silenced RMRP in MDA-MB-231 and BT-549 cells and performed a series of 
functional experiments. Knockdown of RMRP in 2 TNBC cell lines transfected with sh-RMRP#1/2/3 
was verified by qPCR (Figure 1B). To evaluate proliferative ability, we performed CCK-8 and 
colony formation assays and found that downregulation of RMRP inhibited the proliferation of 
TNBC cells (Figure 1C and D). TUNEL and flow cytometry assays revealed that RMRP knockdown 
increased cell apoptosis (Figure 1E and F, left panel). Additionally, we confirmed that apoptosis 
of TNBC cells was not altered by RMRP knockdown within 24 hours (Figure 1F, right panel). 
Furthermore, transwell assays showed that RMRP downregulation suppressed migratory capacity 
and invasive ability of TNBC cells (Figure 1G), indicating that migratory and invasive capacities 
of TNBC cells were hampered by RMRP knockdown and not because of the increase in apoptosis. 
Additionally, we overexpressed RMRP in MCF10A cells using pcDNA3.1/RMRP (Supplementary 
Figure 1A). We verified that RMRP overexpression triggered cell growth, decreased apoptosis, and 
promoted migration and invasion of MCF10A cells (Supplementary Figure 1B-D). Overall, these 
results suggested that RMRP may have a promoting effect on TNBC cell growth, migration, and 
invasion and a suppressive effect on cell apoptosis.

MiR-766-5p is the downstream target of RMRP
Subsequently, the mechanism of RMRP was explored. First, subcellular fractionation and 
FISH assays were performed to determine the subcellular localization of RMRP. The results 
showed that RMRP was predominantly localized in cytoplasm (Figure 2A and B). Thus, we 
speculated that RMRP functioned as a ceRNA to interact with miRNAs. To identify RMRP-
targeted miRNAs, we searched the bioinformatics tool starBase (http://starbase.sysu.edu.
cn/), and the following miRNAs were screened: miR-766-5p, miR-1-3p, miR-206, miR-613, 
miR-580-3p, miR-3142, and miR-1245b-5p (Figure 2C). We then verified the binding of RMRP 
with these miRNAs in TNBC cells by RNA pulldown assay and qPCR. The results indicated 
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that all 7 miRNAs were significantly enriched in Bio-RMRP groups compared with Bio-
NC groups, and the fold enrichment of miR-766-5p was the highest among the candidate 
miRNAs in TNBC cells (Figure 2D). Therefore, we speculated that miR-766-5p might be 
the downstream target of RMRP. Furthermore, according to the RIP assay, miR-766-5p and 
RMRP were markedly abundant in the anti-AGO2 group than in the anti-IgG control group 
(Figure 2E). To investigate the miR-766-5p binding sites in RMRP, we performed a luciferase 
reporter assay. We first obtained the predicted miR-766-5p site in RMRP from starBase and 
designed mutated sites with complementary sequences (Figure 2F). Results of the luciferase 
reporter assay showed that the luciferase activity of RMRP-WT, but not that of RMRP-Mut and 
pmirGLO vector, was dramatically reduced by miR-766-5p mimics in TNBC cells (Figure 2G). 
Taken together, RMRP directly binds to miR-766-5p at the predicted site.
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Figure 1. Inhibition of cell proliferation, migration, and invasion and promotion of cell apoptosis in TNBC by RMRP knockdown. (A) Relative expression of 
RMRP in TNBC (MDA-MB-231, MDA-MB-436, and BT-549) and MCF-10A cell lines was detected by qPCR. (B) RMRP expression was verified by qPCR in TNBC cells 
transfected with sh-RMRP#1/2/3 versus sh-NC. (C) CCK-8 assay detected TNBC cell viability following the transfection with sh-RMRP#1/2/3 versus sh-NC. (D) 
Quantification of colonies of TNBC cells transfected with sh-RMRP#1/2/3 versus sh-NC. (E) Ratio of TUNEL-positive TNBC cells in sh-RMRP#1/2/3 groups versus 
the sh-NC group. (F) Flow cytometry analysis was implemented to analyze apoptosis of TNBC cells in sh-RMRP#1/2/3 groups versus the sh-NC group (left panel); 
flow cytometry analysis was conducted within 24 hours (right panel). (G) The migrated and invaded TNBC cells in sh-RMRP#1/2/3 groups relative to the sh-NC 
group in the Transwell system. Data were analyzed with 1-way analysis of variance and Dunnett's test. 
GAPDH = glyceraldehyde 3-phosphate dehydrogenase; TNBC = triple-negative breast cancer; sh-NC = negative control of short hairpin RNA; OD = optical 
density; RMRP = RNA component of mitochondrial RNA processing endoribonuclease; CCK-8 = cell counting kit-8; TUNEL = terminal deoxynucleotidyl 
transferase-mediated nick end labeling; qPCR = quantitative polymerase chain reaction; N.S. = no significance. 
*p < 0.05, †p < 0.01.



Repression on TNBC cell proliferation, migration, and invasion but promotion 
on cell apoptosis by miR-766-5p
To further investigate the role of miR-766-5p in TNBC, we knocked down or overexpressed 
miR-766-5p in TNBC cells. We verified that miR-766-5p inhibitor led to the ablation of miR-766-
5p and miR-766-5p mimics led to the upregulation of miR-766-5p in TNBC cells (Figure 3A). 
Proliferation assays revealed that the upregulation of miR-766-5p largely inhibited cell growth, 
whereas miR-766-5p inhibition had the opposite effect (Figure 3B-D). TUNEL and flow cytometry 
analyses showed that upregulation of miR-766-5p markedly induced cell apoptosis rate, while 
miR-766-5p silencing reduced the cell apoptosis rate (Figure 3E and F). Transwell assays displayed 
that overexpression of miR-766-5p distinctly lowered the number of migrated and invaded cells, 
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Figure 2. MiR-766-5p as a downstream target of RMRP. (A) Subcellular fractionation demonstrated the distribution of RMRP in TNBC cells (Student's t-test). 
GAPDH and U6 served as cytoplasmic and nuclear references, respectively. (B) Subcellular localization of RMRP in TNBC cells was detected by fluorescence in 
situ hybridization. Fluorescent stain, ×1,000. (C) Seven potential miRNAs were screened using starBase. (D) RNA pulldown assay was performed followed by 
qPCR (1-way ANOVA and Tukey's test). Bio-RMRP was used to pull down candidate miRNAs. (E) RIP assay was performed with IgG or SNRNP70 as NC or positive 
control, respectively. Enrichment of miR-766-5p in AGO2 RIP products relative to IgG control was analyzed by qPCR (Student's t-test). (F) The sequence of RMRP-
WT and the sequence of RMRP-Mut are shown. (G) The relative luciferase activities in TNBC cells co-transfected with RMRP-WT or RMRP-Mut and miR-766-5p 
mimics or NC mimics were detected by luciferase reporter assays (2-way ANOVA and Tukey's test). 
RMRP = RNA component of mitochondrial RNA processing endoribonuclease; DAPI = 4′,6-diamidino-2-phenylindole; GAPDH = glyceraldehyde 3-phosphate 
dehydrogenase; Bio = biotinylated; NC = negative control; Anti-IgG = antibody against immunoglobulin G; Anti-AGO2 = antibody against argonaute 2; Anti-SNRNP70 = 
antibody against small nuclear ribonucleoprotein U1 subunit 70; WT = wild-type; Mut = mutant; RMRP-WT = RMRP with WT miR-766-5p binding sites; RMRP-Mut = RMRP 
with Mut miR-766-5p site; TNBC = triple-negative breast cancer; miRNA = microRNA; ANOVA = analysis of variance; RIP = RNA-binding protein immunoprecipitation. 
*p < 0.05, †p < 0.01.



435https://ejbc.kr https://doi.org/10.4048/jbc.2021.24.e42

A Tumor-Promoter for Triple-Negative Breast Cancer

NC m
im

ics
miR-76

6-5p mim
ics

TUNEL-positive cells (%)

06 4 2810

M
DA

-M
B-

23
1

BT
-5

49
M

DA
-M

B-
23

1
BT

-5
49

E

*
*

NC in
hibito

rs
miR-76

6-5p
inhibito

rs

TUNEL-positive cells (%)

03 2 145

*
*

NC m
im

ics
miR-76

6-5p mim
ics

Apoptosis rate (%)

051015

M
DA

-M
B-

23
1

BT
-5

49
M

DA
-M

B-
23

1
BT

-5
49

F

*
*

NC in
hibito

rs
miR-76

6-5p
inhibito

rs

Apoptosis rate (%)

02 14 35

*
*

NC in
hibito

rs
miR-76

6-5p
inhibito

rs

No. of colonies

0

20
0

10
0

30
0

40
0

*
*

NC m
im

ics
miR-76

6-5p mim
ics

No. of colonies

0

10
0 5015
0

20
0

M
DA

-M
B-

23
1

BT
-5

49
M

DA
-M

B-
23

1
BT

-5
49

D

*
*

NC in
hibito

rs
miR-76

6-5p
inhibito

rs

No. of migrated cells per field

0

20
0

10
0

30
0

40
0

*
*

NC m
im

ics
miR-76

6-5p mim
ics

No. of migrated cells per field

0

10
0 5015
0

20
0

M
DA

-M
B-

23
1

BT
-5

49
M

DA
-M

B-
23

1
BT

-5
49

G

*
*

NC in
hibito

rs
miR-76

6-5p
inhibito

rs

No. of invaded cells per field
0

20
0

10
0

30
0

40
0

*
*

NC m
im

ics
miR-76

6-5p mim
ics

No. of invaded cells per field

0

10
0 5015
0

20
0

M
DA

-M
B-

23
1

BT
-5

49
M

DA
-M

B-
23

1
BT

-5
49

H

*
*

Mock NC in
hibito

rs miR-76
6-5p

inhibito
rs

Relative expression level of
miR-766-5p

0

0.
5

1.
0

1.
5

M
DA

-M
D

-2
31

BT
-5

49
M

DA
-M

D
-2

31
BT

-5
49

A

Mock NC in
hibito

rs miR-76
6-5p

inhibito
rs

Relative expression level of
miR-766-5p

0246

N
C 

m
im

ic
s

m
iR

-7
66

-5
p 

m
im

ic
s

N
C 

m
im

ic
s

m
iR

-7
66

-5
p 

m
im

ic
s

N
C 

in
hi

bi
to

rs
m

iR
-7

66
-5

p 
in

hi
bi

to
rs

N
C 

in
hi

bi
to

rs
m

iR
-7

66
-5

p 
in

hi
bi

to
rs

M
DA

-M
D

-2
31

N
.S

.

B OD450 value

0

1.
0

0.
5

1.
5

2.
0

0
24

48
72

96

Ti
m

e 
(h

)

*

BT
-5

49

N
.S

.

OD450 value

0

1.
0

0.
5

1.
5

2.
5

2.
0

0
24

48
72

96

Ti
m

e 
(h

)

*
N

.S
.

M
DA

-M
D

-2
31

C OD450 value

0123

0
24

48
72

96

Ti
m

e 
(h

)

*

BT
-5

49

N
.S

.

OD450 value

0123

0
24

48
72

96

Ti
m

e 
(h

)

*

*

*
*

*

Fi
gu

re
 3

. I
nh

ib
iti

on
 o

f T
N

BC
 c

el
l p

ro
lif

er
at

io
n,

 m
ig

ra
tio

n,
 a

nd
 in

va
si

on
 a

nd
 p

ro
m

ot
io

n 
of

 c
el

l a
po

pt
os

is
 b

y 
m

iR
-7

66
-5

p.
 (A

) Q
ua

nt
ita

tiv
e 

po
ly

m
er

as
e 

ch
ai

n 
re

ac
tio

n 
da

ta
 o

f m
iR

-7
66

-5
p 

in
 T

N
BC

 c
el

ls
 

tr
an

sf
ec

te
d 

w
ith

 th
e 

m
iR

-7
66

-5
p 

in
hi

bi
to

r v
er

su
s 

N
C 

in
hi

bi
to

r o
r m

iR
-7

66
-5

p 
m

im
ic

s 
ve

rs
us

 N
C 

m
im

ic
s 

(1
-w

ay
 a

na
ly

si
s 

of
 v

ar
ia

nc
e 

an
d 

Tu
ke

y'
s 

te
st

).
 (B

-D
) C

CK
-8

 a
nd

 c
ol

on
y 

fo
rm

at
io

n 
as

sa
ys

 w
er

e 
ca

rr
ie

d 
ou

t t
o 

an
al

yz
e 

th
e 

eff
ec

t o
f m

iR
-7

66
-5

p 
ov

er
ex

pr
es

si
on

 a
nd

 k
no

ck
do

w
n 

on
 c

el
l p

ro
lif

er
at

io
n 

(S
tu

de
nt

's 
t-

te
st

).
 (E

, F
) T

he
 a

po
pt

os
is

 o
f T

N
BC

 c
el

ls
 w

as
 a

na
ly

ze
d 

vi
a 

TU
N

EL
 a

ss
ay

 a
nd

 fl
ow

 c
yt

om
et

ry
 w

he
n 

m
iR

-7
66

-5
p 

w
as

 o
ve

re
xp

re
ss

ed
 o

r s
ile

nc
ed

 in
 T

N
BC

 c
el

ls
 (S

tu
de

nt
's 
t-

te
st

).
 (G

, H
) E

va
lu

at
io

n 
of

 T
N

BC
 c

el
l m

ig
ra

to
ry

 a
nd

 in
va

si
ve

 c
ap

ac
iti

es
 b

y 
Tr

an
sw

el
l a

nd
 M

at
rig

el
 a

ss
ay

s 
in

 th
e 

m
iR

-7
66

-5
p 

in
hi

bi
to

r 
gr

ou
p 

ve
rs

us
 th

e 
N

C 
in

hi
bi

to
r g

ro
up

 o
r t

he
 m

iR
-7

66
-5

p 
m

im
ic

s 
gr

ou
p 

ve
rs

us
 th

e 
N

C 
m

im
ic

s 
gr

ou
p 

(S
tu

de
nt

's 
t-

te
st

).
 

TN
BC

 =
 tr

ip
le

-n
eg

at
iv

e 
br

ea
st

 c
an

ce
r;

 N
C 

= 
ne

ga
tiv

e 
co

nt
ro

l; 
O

D 
= 

op
tic

al
 d

en
si

ty
; C

CK
-8

 =
 c

el
l c

ou
nt

in
g 

ki
t-

8;
 T

UN
EL

 =
 te

rm
in

al
 d

eo
xy

nu
cl

eo
tid

yl
 tr

an
sf

er
as

e-
m

ed
ia

te
d 

ni
ck

 e
nd

 la
be

lin
g;

 N
.S

.: 
no

t 
si

gn
ifi

ca
nt

. 
* p

 <
 0

.0
1.



while low expression of miR-766-5p significantly accelerated cell migration and invasion (Figure 
3G and H). These results suggest that miR-766-5p suppresses TNBC cell growth, migration, and 
invasion and enhances cell apoptosis. Additionally, we confirmed that in RMRP-overexpressing 
BT-549 cells, the miR-766-5p inhibitor decreased miR-766-5p levels (Supplementary Figure 1E). 
Moreover, the miR-766-5p inhibitor aggravated cell growth and suppressed apoptosis in RMRP-
overexpressing BT-549 cells (Supplementary Figure 1F and G). Taken together, miR-766-5p 
represses TNBC cell proliferation, migration, and invasion but promotes cell apoptosis.

RMRP promotes YAP1 expression via miR-766-5p in TNBC cells
To determine target mRNAs of miR-766-5p, we used starBase, and obtained a large number of 
potential target mRNAs (CLIP-Data ≥ 3; Pan-Cancer ≥ 4; Program Number ≥ 1; Figure 4A). We 
then conducted a secondary screening on DAVID 6.8 (https://david.ncifcrf.gov/; Figure 4B). 
YAP1 is one of the key effectors in the Hippo pathway and has been confirmed to be related to 
TNBC in previous studies [16,17]. Thus, we speculated that YAP1 is the target downstream of 
miR-766-5p in TNBC. Herein, we determined whether miR-766-5p affected YAP1 expression in 
TNBC cells. qPCR data showed that YAP1 expression was downregulated by miR-766-5p mimics 
relative to NC mimic control (Figure 4C). Accordingly, western blot analysis demonstrated that 
the protein expression of YAP1 was significantly decreased by miR-766-5p mimics (Figure 4D). 
 Additionally, effectors downstream of YAP1, including CTGF and ANKRD1, were 
downregulated by miR-766-5p mimics in TNBC cells (Supplementary Figure 1H and I). In 
addition, the RIP assay showed that miR-766-5p, YAP1, and RMRP were all extremely abundant 
in the AGO2-binding complexes relative to those in the anti-IgG precipitates (Figure 4E). RMRP 
overexpression reduced YAP1 enrichment in the AGO2 RIP products (Supplementary Figure 1J),  
indicating that overexpression of RMRP leads to increased miR-766-5p sponging to prevent YAP1 
from being incorporated into the RNA-induced silencing complex and binding with miR-766-5p 
mimics. In addition, the miR-766-5p binding site in YAP1 sequence was identified using starBase 
(Figure 4F). The luciferase activity of TNBC cells transfected with YAP1-WT was reduced in 
the miR-766-5p mimics group relative to the NC mimics group, whereas that of TNBC cells 
transfected with YAP1-Mut was not affected (Figure 4G). Overall, these results indicated that 
YAP1 is a direct target of miR-766-5p in TNBC. To investigate the regulation of the RMRP/miR-
766-5p axis on YAP1, we performed rescue experiments using TNBC cells and detected mRNA 
and protein expression of YAP1 by qPCR and western blot analysis, respectively. It was found 
that sh-RMRP#2 caused a decrease on both mRNA and protein expression of YAP1, but the miR-
766-5p inhibitor reversed the suppressive effect of RMRP downregulation on YAP1 expression 
(Figure 4H). Additionally, miR-766-5p overexpression reversed the promoting effect of RMRP 
overexpression on YAP1 expression (Figure 4I). Collectively, RMRP could upregulate YAP1 
expression by competitively sponging miR-766-5p in TNBC cells.

RMRP aggravated proliferative, migratory, invasive capacities and 
suppressed apoptosis of TNBC cells via miR-766-5p
To determine whether RMRP affected the biological process of TNBC cells via miR-766-
5p, we performed rescue experiments using BT-549 cells. As expected, the miR-766-5p 
inhibitor restored the proliferative ability of BT-549 cells repressed by RMRP silencing 
(Figure 5A and B). In addition, the cell apoptosis rate increased by RMRP knockdown was 
reversed by the miR-766-5p inhibitor (Figure 5C and D). Moreover, miR-766-5p inhibitors 
restored the number of migrated and invaded cells that were decreased by sh-RMRP#2 
(Figure 5E). Altogether, the miR-766-5p inhibitor reversed the suppressive effects of RMRP 
downregulation on the proliferative, migratory, and invasive abilities and the accelerating 
effect on the apoptotic capacity of TNBC cells. Meanwhile, we confirmed that miR-776-
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5p mimics countervailed the facilitating effect of RMRP overexpression on TNBC cell 
proliferation (Supplementary Figure 2A and B). TNBC cell apoptosis was reduced by RMRP 
overexpression and was restored by miR-766-5p mimics (Supplementary Figure 2C and D). 
RMRP overexpression strengthened TNBC cell migration and invasion, and this effect was 
abrogated by miR-766-5p mimics (Supplementary Figure 2E). Collectively, RMRP was found 
to drive cell proliferative, migratory, and invasive capacities of TNBC cells and hamper cell 
apoptosis via miR-766-5p.
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Figure 4. Upregulation of YAP1 in TNBC cells by RMRP via miR-766-5p. (A) Target mRNAs processing binding sites of miR-766-5p were predicted using starBase. 
(B) YAP1 was predicted using DAVID 6.8. (C) qPCR was performed to determine the expression of YAP1 in cells transfected with miR-766-5p mimics versus NC 
mimics (Student's t-test). (D) Western blot analysis was employed to examine the protein expression of YAP1 in TNBC cells in the miR-766-5p mimics group 
versus the NC mimics group. (E) RIP assay and qPCR determined the enrichment of RMRP, miR-766-5p, and YAP1 in the binding complex with AGO2 compared 
to that with IgG (Student's t-test). IgG or small nuclear ribonucleoprotein U1 subunit 70 were used as negative control or positive control, respectively. (F) The 
sequence of binding sites in YAP1-3′UTR for miR-766-5p was predicted. (G) YAP1-WT/Mut or the empty reporter vector pmirGLO were co-transfected with miR-
766-5p mimics or NC mimics into TNBC cells (2-way ANOVA and Tukey's test) and luciferase activities of each group were measured. (H, I) mRNA and protein 
expression of YAP1 in the indicated TNBC cells with indicated transfections were analyzed by qPCR (1-way ANOVA and Tukey's test) or western blot analysis. 
NC = negative control; YAP1 = yes-associated protein 1; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; Anti-IgG = antibody against immunoglobulin G; 
Anti-AGO2 = antibody against argonaute 2; RMRP = RNA component of mitochondrial RNA processing endoribonuclease; ANOVA = analysis of variance; qPCR = 
quantitative polymerase chain reaction; YAP1-WT = WT YAP1-3′UTR reporter vectors; YAP1-Mut = Mut YAP1-3′UTR reporter vectors. 
*p < 0.01.



DISCUSSION

As the most aggressive, common and distinct subtype of BC, TNBC has high recurrence 
rates and dismal clinical prognosis, and the absence of both putative markers and potential 
therapeutic targets makes it difficult to improve treatment efficacy of TNBC [18]. Thus, 
further research is needed to identify crucial molecular targets of TNBC.

Recent years have witnessed an increase in lncRNAs proved as potential biomarkers and 
therapeutic targets for diverse types of cancers, and TNBC is no exception. For example, 
the expression of TMPO-AS1 is extremely abundant in TNBC cells and its downregulation 
has shown to inhibit TNBC cell proliferation and migration [19]. Furthermore, AWPPH 
promotes TNBC cell growth by upregulating FZD7 [20]. Thus, lncRNAs are important 
molecules that affect TNBC progression. As previously reported, RMRP is dysregulated in 
several types of tumors and has regulatory effects in cancer treatment. For instance, RMRP 
inhibits proliferation, migration, and invasion and promotes apoptosis of HCC cells by 
targeting miR-766 [21]; additionally, RMRP regulates MAPK1 by sponging miR-675 to repress 
papillary thyroid cancer malignancy [14]. However, RMRP also enhances cell proliferation 
and invasion in NSCLC by targeting miR-1-3p [22], and upregulates c-Myc by sponging 
miR-34a-5p to enhance cell proliferation and suppress cell apoptosis in multiple myeloma 
[23]. These studies indicated that the role of RMRP varies from one type of cancer to another. 
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Our study is the first to uncover the mechanism of RMRP in TNBC. First, we confirmed that 
RMRP was upregulated in TNBC cell lines, establishing a link with TNBC. Next, functional 
experiments demonstrated that RMRP knockdown negatively regulates cell proliferation, 
migration, and invasion, but it positively influenced apoptosis of TNBC cells, and RMRP 
overexpression showed opposite effects, indicating that RMRP acts as an oncogene in TNBC 
cells. Additionally, we demonstrated that RMRP overexpression could trigger the growth of 
normal MCF10A cells, indicating that RMRP may participate in the initiation of TNBC.

Thereafter, we explored the mechanism of RMRP in TNBC cells. Previous studies have 
largely reported ceRNA mechanisms involving lncRNAs in TNBC. For instance, FAM83H-
AS1 enhances TNBC progression via regulating the miR-136-5p/metadherin axis [24], and 
H19 promotes cell invasion and metastasis through the p53/TNFAIP8 pathway in TNBC 
[25]. In addition, the role of RMRP as ceRNA has been uncovered in other cancers, such as 
HCC [21] and NSCLC [22]. Our study is the first to confirm that RMRP targets miR-766-5p 
in TNBC cells. Several previous studies have provided in vitro data supporting that miR-766-
5p is sponged by several lncRNAs and serves as a negative modulator of proliferation and 
migration in lung cancer [26,27]. Accordingly, our data showed that miR-766-5p negatively 
influenced TNBC cell growth, migration, and invasion. However, a previous study showed 
that miR-766-5p cannot affect the growth of MB231 cells in vivo but can inhibit sphere 
formation and invasion in vitro [28]. We speculated that this could be because the in vivo 
tumor microenvironment is more complex than the in vitro mono-culture of MB231 cells; 
in the tumor microenvironment, other factors, such as interaction between cells, could 
affect the function of miR-766-5p in tumorigenesis. Moreover, rescue assays confirmed that 
miR-766-5p mediated the function of RMRP in biological processes of TNBC cells. We first 
identified YAP1 as a target of miR-766-5p in TNBC. YAP1 is an important effector of the Hippo 
pathway, and it has been characterized as a crucial oncogene in TNBC by former reports. 
For example, the YAP-ARHGAP42-actin axis contributes to the aggravation of TNBC [29]. 
YAP nuclear import promotes TNBC metastasis [30]. However, we uncovered the regulation 
of YAP1 by RMRP/miR-766-5p in TNBC cells. Additionally, we preliminarily confirmed that 
effectors downstream of YAP1, including CTGF and ANKRD1, were also negatively regulated 
by miR-766-5p in TNBC cells.

However, there are some limitations need to be addressed in further exploration. The 
current study only focused on YAP1, a Hippo signaling pathway-associated effector, which is 
downstream of the RMRP/miR-766-5p axis in TNBC. The mechanism related to the effectors 
targeted by YAP1 in TNBC cells will be explored in detail in our future studies. Furthermore, 
the study lacked in vivo experiments to further validate the findings, which will be conducted 
in our future research.

In a word, the current study is the first to demonstrate that the lncRNA RMRP facilitates the 
malignant progression of TNBC cells, whereas it hinders apoptosis by targeting the miR-
766-5p/YAP1 axis. We also uncovered a marked upregulation of RMRP in TNBC cell lines and 
demonstrated that RMRP stimulates cell proliferation, migration, and invasion of TNBC cells. 
Mechanistically, RMRP sponges miR-766-5p to upregulate YAP1 expression in TNBC cells.
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SUPPLEMENTARY MATERIALS

Supplementary Figure 1
Effects of RMRP and miR-766-5p on TNBC cell proliferation, migration, invasion, and 
apoptosis. (A) qPCR detected RMRP expression in MCF10A cells transfected with pcDNA3.1/
RMRP versus pcDNA3.1. (B) CCK-8 assay examined viability of transfected MCF10A cells. 
(C) Ratio of TUNEL-stained cells in transfected MCF10A cells was evaluated. (D) Number of 
migrated and invaded transfected MCF10A cells was evaluated. (E) qPCR detected miR-766-
5p expression in RMRP-overexpressing BT-549 cells in the miR-766-5p inhibitor group versus 
the NC inhibitor group. (F) CCK-8 assay examined viability of RMRP-overexpressing BT-549 
cells in the miR-766-5p inhibitor group versus the NC inhibitor group. (G) Ratio of TUNEL-
stained RMRP-overexpressing BT-549 cells in the miR-766-5p inhibitor group versus the NC 
inhibitor group was evaluated. (H, I) qPCR and western blot detected the expression of CTGF 
and ANKRD1 in TNBC cells in the miR-766-5p mimics group versus the NC mimics group. 
(J) RNA binding protein immunoprecipitation and qPCR detected the enrichment of YAP1 in 
the binding complex with AGO2 relative to IgG in BT-549 cells in the pcDNA3.1/RMRP group 
versus the pcDNA3.1 group.

Click here to view

Supplementary Figure 2
Regulation of RMRP on proliferative, migratory, invasive capacities, and apoptosis of TNBC cells 
via miR-766-5p. (A) BT-549 cells were transfected with pcDNA3.1, pcDNA3.1/RMRP, pcDNA3.1/
RMRP+NC mimics, or pcDNA3.1/RMRP+ miR-766-5p mimics. CCK-8 assay detected the viability 
of BT-549 cells in each group. (B) The number of colonies of BT-549 cells in each group was 
evaluated. (C) Ratio of TUNEL-stained BT-549 cells in each group was evaluated. (D) Ratio of 
apoptotic BT-549 cells in each group was evaluated by flow cytometry analysis. (E) The number 
of migrated and invaded BT-549 cells in each group in a Transwell system was evaluated.

Click here to view
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